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Prevention of interstitial pressure change at unilateral nephrectomy by
prostaglandin synthesis inhibition. The mechanisms underlying the
adaptive process in the remaining kidney after unilateral nephrectomy
are not well known. In the present study adaptive changes in interstitial
pressure conditions following uninephrectomy were investigated in
male Sprague-Dawley rats. Direct subcapsular hydrostatic pressure
recordings were made via microcatheters, renal lymph was collected for
lymph flow rate estimations and determinations of lymph protein
content and the urine flow rate and urinary excretion of sodium and
potassium were measured, before and after contralateral nephrectomy.
There was a significant rise in subcapsular hydrostatic pressure by
about 50%, and in the lymph flow rate, by more than 100%, within 1 hr
after nephrectomy. The protein concentration in collected renal lymph
was significantly decreased (from 2.30 0.25 to 1.45 0.26 g/dl),
compared with control collections in sham-operated animals (from 2.22
0.23 to 1.78 0.19 gIdl). These findings indicate an increased
hydrostatic and decreased interstitial pressure in response to contralat-
eral nephrectomy. Urine flow rate and electrolyte excretion were
significantly elevated (urine flow rate by 92%, sodium excretion from
0.210 0.035 to 0.352 0.067 jzmoles/min and potassium excretion
from 0.306 0.074 to 1.617 0.228 moles/min). Inhibition of
prostaglandin synthesis prior to nephrectomy abolished the lymph flow
increase and oncotic pressure decrease and also the diuretic and
natriuretic responses. The adaptively increased potassium excretion
was, however, only blocked by diclofenac sodium and not by indometh-
acm. These results demonstrate the important role of the renal intersti-
tium and the prostaglandin system in the renal adaptation to nephron
loss.
Prevention des modifications de pression interstitielle lors d'une neph.
rectomie unilatérale par inhibition de Ia synthèse des prostaglandines.
Les mCcanismes responsables des phénomènes d'adaptation dans le
rein restant après néphrectomie unilatérale ne sont pas bien connus.
Dans cette étude, les modifications adaptatives des conditions de
pression interstitielle apres uninéphrectomie ont été étudiées chez des
rats males Sprague-Dawley. Des enregistrements directs de Ia pression
hydrostatique sous-capsulaire ont ëte effectués par des micro-catheters,
de Ia lymphe rénale éte collectee pour des estimations du debit
lymphatique et des determinations des protéines lymphatiques, et le
debit urinaire et l'excrétion de sodium et de potassium ont été mesurés,
avant et après néphrectomie controlatérale. Ii y avait une élévation
significative de Ia pression hydrostatique sous capsulaire d'environ
50%, et du debit lymphatique de plus de 100%, dans 1 heure suivant Ia
néphrectomie. La concentration protéique dans Ia lymphe rénale collec-
tee était significativement diminuee (de 2,30 0,25 a 1,45 0,26 gIdl),
par rapport aux collections contrôles chez les animaux ayant subi un
simulacre d'operation (de 2,22 0,23 a 1,78 0,19 g/dl). Ces résultats
indiquent une augmentation de Ia pression hydrostatique et une diminu-
tion de Ia pression interstitielle en réponse a une néphrectomie controla-
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térale. Le debit urinaire et l'excrétion d'électrolytes étaient significati-
vement élevés (le debit urinaire de 92%, l'excrétion sodée de 0,210
0,035 a 0,352 0,067 ILmoles/min et potassique de 0,306 0,074 a 1,617
0,228 j.moles/min). L'inhibition de Ia synthèse de prostaglan-
dines avant le néphrectomie a aboli l'élévation du debit lymphatique et
Ia baisse de Ia pression oncotique ainsi que les rCponses diurétique et
natriurétique. L'augmentation adaptative de l'excrétion potassique
était toutefois seulement bloquee par le diclofénac sodique et non par
l'indométhacine. Ces résultats démontrent le role important de l'inter-
stitium renal et du système des prostaglandines dans l'adaptation rénale
a Ia perte nephronique.
From several investigations it is well established that follow-
ing unilateral nephrectomy the urine excretion rate in the
remaining kidney will increase within an hour 11—6]. This
increase in urine flow has been found to be associated with a
reduction in fluid absorption rate in the proximal tubule [3, 5—
10]. These adaptive changes at nephrectomy can be blocked by
indomethacin [5]. Previous studies have also shown that
nephrectomy leads to a decrease in tubuloglomerular feedback
sensitivity [4] and that this decrease is inhibited by indometh-
acm [11].
There is accumulating evidence pointing to the existence of
an intrarenal regulation of renal fluid and electrolyte excretion
in response to volume balance disturbances. It has been pro-
posed that the interstitial pressure mediates changes in hydro-
static and oncotic pressures in the peritubular capillaries result-
ing in alterations of nephron function. It is well documented
that the proximal tubular reabsorption is dependent on the
peritubular capillary colloid concentration [12—14]. Further-
more, it has been found that the interstitial pressure can also
modify the sensitivity of the tubuloglomerular feedback control
that regulates GFR [15—20]. In a situation with a low hydrostatic
pressure and a high oncotic pressure in the interstitium, such as
dehydration or hypotension, fluid absorption from the proximal
tubule is enhanced and the sensitivity of the tubuloglomerular
feedback control is considerably enhanced leading to a reduc-
tion of GFR. On the other hand, in a situation with a high
hydrostatic and a low colloid osmotic interstitial pressure, such
as volume expansion, proximal fluid absorption is reduced and
the sensitivity of the tubuloglomerular feedback control is
considerably lowered.
For these reasons, we considered it of great interest to
investigate the interstitial pressure conditions before and after
nephrectomy, with and without inhibition of prostaglandin
synthesis, in an attempt to determine whether prostaglandins
are involved in this adaptive process.
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Methods
The experiments were performed on 33 male Sprague-Daw-
ley rats weighing between 250 and 400 g (Mollegaard, Copenha-
gen, Denmark). The animals had free access to food (Ewos,
Sodertälje, Sweden) and tap water before the experiments.
Thiobutabarbital sodium (mactin, Byk-Gulden, Konstanz,
West Germany) in a dose of 120 mg/kg body wt i.p. was given to
induce anesthesia. The rats were placed on a thermoregulated
heating pad and were tracheostomized. The right femoral artery
and vein were catheterized with polyethylene tubing to record
arterial BP and intravenous infusion of 0.9% saline, respective-
ly. In control rats the saline infusion rate was 5.0 mI/kg body
wt• hr. Throughout the experiments in rats undergoing right-
sided nephrectomy, the infusion rate was reduced to 2.5 mI/kg
body wt hr immediately after the nephrectomy.
The abdomen was opened through a midline incision. The left
ureter was catheterized with a silicone rubber tube (m.D., 0.5
mm; O.D., 0.94 mm, Dow Corning Corporation, Midland,
Michigan). Urine samples were collected under mineral oil. By
gentle dissection a loop of 3-0 silk was loosely placed around
the right renal pedicle, including the ureter. The loop was
inserted through a piece of plastic tubing which was brought out
through a small separate incision in the right subcostal area.
The midline incision was closed and the left kidney was
exposed through a left subcostal flank incision.
Series I
Thirteen rats were used for subcapsular pressure recordings.
The left kidney was dissected free and placed in a plastic cup
and immobilized in 3% agar/agar in saline. A very small incision
was made in the renal capsule and a subcapsular channel was
preformed with a small-sized ball-pointed glass probe. A 4-mm
polyethylene catheter drawn to a tip of approximately 20 to 40
m with a tip resistance of about 2 M ohm was introduced into
this channel. The subcapsular incision was sealed with silicone
rubber (Elastosil, Wacker, West Germany). The kidney surface
was covered with mineral oil. The subcapsular catheter was
connected to a servo-nulling pressure measuring device accord-
ing to Fein's method [211 (WP Instruments, New Haven,
Connecticut). After an initial control period of about 60 mm, the
silk loop around the right pedicle was pulled, resulting in a right-
sided "nephrectomy." The subcapsular pressure was measured
60 to 90 mm later in the left, remaining kidney and compared
with that immediately before ligation of the right renal pedicle.
Series 2
Twenty rats were used for hilar lymph and urine collections.
The left renal vascular pedicle was gently dissected from the
dorsal side under a dissecting microscope (x16). All visible
lymph vessels were ligated with 9-0 nylon. One lymph vessel
was cannulated with a polyethylene catheter (150 to 200 tm),
through which lymph was collected in a heparinized capillary
glass tube (Drummond Scientific Company, Broomall, Pennsyl-
vania). The rats were subdivided into four groups. Lymph and
urine were collected from all animals during a control period of
60 mm. In the first group of five rats, the prolonged-control
group, lymph and urine sampling was continued for another 120
mm. Five rats underwent right-sided nephrectomy as described
above after the initial 60-mm control period. The nephrectomy
was followed by a nonsampling period of 30 mm and a sampling
period of 90 mm. After the initial control period, a further five
rats were given indomethacin (2 mg/kg body wt i.v.) and five
other rats were given diclofenac sodium (2 mg/kg body wt. i.v.).
Lymph and urine were then collected during a period of 30 mm
before right-sided nephrectomy was performed. Finally, after a
30-mm equilibration period, 60 mm of sampling followed.
The percentage change in lymph flow rate was considered to
be a semiquantitative measure of change in interstitial pressure,
since a relationship of y = 2.3x has been found previously
within the pressure range concerned in this study, where y is
the mean percentage change in lymph flow rate and x is the
mean percentage change in subcapsular hydrostatic pressure
calculated from experiments with saline volume expansion in
dehydrated and control animals and with renal venous constric-
tion [181.
No animal with an arterial BP below 85 mm Hg was included.
The effectiveness of the nephrectomy procedure was always
checked at the end of the experiment.
Indomethacin (Confortid®, AS Dumex, Copenhagen, Den-
mark) was dissolved in sterile water (2 mg/ml). Diclofenac
sodium (Voltarén®, Ciba Geigy AG, Basel, Switzerland) was
dissolved in sterile water (2 mg/ml). Fresh solutions were
prepared every day.
The lymph samples were weighed and stored at —18°C. The
protein concentration was determined by the Folin phenol
method [22]. The oncotic pressure exerted by the lymph protein
was calculated from the formula proposed by Landis and
Pappenheimer [231.
¶ = 2.lc + 0.16c2 + 0.009c3 (1)
where ¶ is the oncotic pressure (mm Hg) and c the protein
concentration (g/dl). The sodium and potassium concentrations
in urine were determined by flame photometry (Eppendorf
model, Hamburg, West Germany).
The paired Student's t test was used for statistical analysis of
the subcapsular pressure change and of differences within the
groups concerning lymph flow, urinary flow, and urinary excre-
tion of sodium and potassium during the different sampling
periods. Differences between the groups were analyzed by the
unpaired Student's t test. The data are expressed as mean
SEM.
Results
Series 1
The subcapsular hydrostatic pressure in the left kidney
before contralateral nephrectomy was 2.9 0.5 mm Hg, and it
was elevated by 1.4 0.2 mm Hg 60 mm after nephrectomy.
This increase of 48% is highly significant (P < 0.001). The mean
arterial blood pressure (MAP) was 108 4 mm Hg before and
116 5 mm Hg 60 mm after nephrectomy (P value, not
significant).
Series 2
In the prolonged control group the urine flow rate was
constant throughout the experiments (see Fig. 1). The nephrec-
tomy group showed an increase in urine flow from 3.76 0.59
d/min during the initial control period to 7.06 1.25 p11mm
after nephrectomy, that is, by 92 19%, (P < 0.02). In the
indomethacin-treated rats the urine flow was 3.85 0.5 p1/mm
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Fig. 1. The lymph flow rate, lymph protein concentration, urine flow
rate, and urine sodium and potassium excretion in the prolonmed
control (contr) group (N = 5), the nephrectomy (nephr) group (N = 5),
and the indomethacin (indo)-treated nephrectomy group (N = 5).
Values represent means SEM. Symbols are: < 0.05; < 0.01.
during the control, and in the animals given diclofenac sodium
this value was 2.60 0.43 4fmin. In neither of these groups
subjected to inhibition of prostaglandin synthesis did the urine
flow alter during the experiment.
The prolonged control group had a urine sodium excretion
rate of 0.132 0.039 moles/min during the initial period. No
change was found during the subsequent 120-mm control peri-
od. In the nephrectomy group this rate increased from an initial
value of 0.210 0.035 tmoles/min to 0.352 0.067 j.tmoles/min
after contralateral nephrectomy (P < 0.05). Neither in the
indomethacin-treated group nor in the group treated with diclo-
fenac sodium did the initial sodium excretion rates of 0.135
0.120 and 0.13 1 0.027 imoles/min, respectively, change after
these treatments or after nephrectomy.
In the prolonged control group the potassium excretion rate
was 0.582 0.163 moles/min during the initial period; this
value remained unchanged. In the nephrectomy group, on the
other hand, there was a significant increase in potassium
excretion from 0.306 0.074 moles/min during the initial
period to 1.617 0.228 moles/min after nephrectomy (P <
0.01). The indomethacin-treated animals showed an increase in
potassium excretion from an initial value of 0.390 0.120
moles/min to 0.557 0.119 moles/min (P < 0.05) following
indomethacin injection and a further increase to 1.062 0.178
after nephrectomy (P <0.02). In the diclofenac sodium-treated
group the urine potassium excretion rate did not change signifi-
cantly throughout the experiment.
The lymph flow rate in the prolonged control group was 1.32
0.34 1uJ/min during the initial control period and did not
change significantly. In contrast, in the nephrectomy group this
flow increased significantly from 0.65 0.18 p1/mm (initial
controls) to 1.28 0.28 pilmin (P < 0.01) after nephrectomy,
that is, by 113 30%. The indomethacin-treated rats showed no
significant change in lymph flow rate after drug administration
or nephrectomy; the lymph flow values were 1.10 0.14, 0.94
0.14, and 1.07 0.24 pA/mm, respectively. In the group
treated with diclofenac sodium the lymph flow was significantly
lower after administration of the drug than in the initial control
period (1.66 0.43 and 1.94 0.51 p1/mm, respectively, P <
0.05). After nephrectomy, however, the flow was 1.05 0.18
pL'min, which was not significantly different from the pre-
nephrectomy level (see Fig. 2).
The lymph protein concentration decreased from 2.22 0.23
to 1.78 0.19 g/dl between the control period and the prolonged
control period (P < 0.02). The corresponding values in the
nephrectomy group were 2.3 0.25 g/dl during the initial period
and 1.45 0.26 g/dl after nephrectomy (P < 0.01). This
concentration decrease of 0.85 0.07 g/dl was significantly
greater than that in the prolonged control group (P < 0.01). The
changes in lymph protein concentration in the groups with
prostaglandin synthesis inhibition did not differ significantly
from the change in the control group. The indomethacin-treated
animals showed a control period concentration of 2.35 0.19
g/dl; this decreased to 1.76 0.17 and 1.6 0.28 g/dl following
the indomethacin injection and after nephrectomy, respective-
ly. In the diclofenac sodium-treated rats the pretreatment
lymph protein concentration was 2.2 0.07 g/dl. A decrease
not significantly different from that in the control group was
seen after administration of diclofenac sodium and following
nephrectomy.
The oncotic pressure exerted by the lymph protein was
calculated to be 5.57 0.65 mm Hg during the control period
and 4.30 0.51 mm Hg during the prolonged control period (P
< 0.05). In the nephrectomy group the corresponding values
were 5.82 0.77 mm Hg in the control period and 3.45 0.70
mm Hg after nephrectomy. This oncotic pressure decrease of
2.37 0.18 mm Hg in the nephrectomy group differed signifi-
cantly from the 1.27 0.24 mm Hg decrease found in the
control group (P < 0.02). The oncotic pressures after treatment
with indomethacin and diclofenac sodium were 4.25 0.45 and
4.39 0.07 mm Hg. After nephrectomy in these groups, the
values were 3.87 0.77 and 3.29 0.22 mm Hg, respectively.
These changes were not significantly different from the oncotic
pressure decrease in the control group.
Discussion
The interstitium of the kidney consists of the space between
the blood vessels and tubules and contains a gel-like structure
consisting of polysaccharides, including hyaluronic acid [241. In
this complex interstitium at least two compartments can be
identified. One thin compartment lies between closely opposed
tubules and capillaries. A wide compartment of the interstitium
contains interstitial cells and readily communicates with the
subcapsular space and the lymphatic system [251. It is as yet
impossible to measure the pressure within the thin interstitium,
but the wide compartment can be approached in at least two
different ways. Firstly, microcatheters introduced into the
subcapsular space can be used for subcapsular hydrostatic
pressure recordings and for fluid sampling for protein analysis
[26, 27]. This technique was first developed by Wunderlich et al
[261. These authors found that radioactively labelled albumin
injected into the subcapsular space could be detected rapidly in
hilar lymph vessels. They concluded that the subcapsular
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Fig. 2. Percentage change in mean lymph flaw (± SEM); A control-
control (N = 5), B control-nephrectomy (N = 5), C indomethacin-
indomethacin + nephrectomy (N = 5); D diclofenac — diclofenac +
nephrectomy (N = 5).
pressure seemed valid for the entire renal interstitial compart-
ment. Furthermore, Pedersen, Persson, and Maunsbach [25]
observed on injection of ferritin into the subcapsular interstitial
space that this tracer rapidly distributed not only to the wide
communicating interstitial space but also to the thin compart-
ment of the interstitium and into the lymphatic vessels. Second-
ly, the interstitium can be approached via cannulation of hilar
lymph vessels. The lymphatic vessels leaving the rat kidney
consist of several hilar branches. These branches seem to
interconnect. By tying off all visible hilar lymph vessels except
one, which is cannulated, a large fraction of the renal lymph
flow can be collected. The driving force of lymph flow will be
governed by the interstitial pressure condition. It should be
noted that the absolute lymph flow rates measured by this
method depend on conditions which to some degree are vari-
able in the different experiments. The completeness of the
ligation of all lymph vessels except the one catheterized is one
such flow-determining condition. The flow rate values obtained
should therefore only be used for studying relative flow
changes. However, the relative lymph flow changes in the
present investigation appear to relate well to the change in
interstitial pressure measured directly within the subcapsular
space [18]. After nephrectomy the subcapsular space pressure
rose about 50% and the increase in lymph flow rate was more
than 100%. A close correlation between subcapsular pressure
change and change in lymph flow rate was also found in earlier
studies in animals subjected to volume expansion [18]. It is
therFThre reasonable to assume that the change in lymph
coP ction rate can be used as a relative measure of the change
in L.terstitial hydrostatic pressure. Previous investigations have
shown that the protein concentration in the collected lymph
also agrees well with the protein concentration in the subcapsu-
lar space [27]. In the present experiments it was found that
following nephrectomy the interstitial hydrostatic pressure rose
and the oncotic pressure fell in the remaining kidney. On the
basis of several other studied situations [20], we have proposed
that a combined hydrostatic and oncotic pressure best seems to
relate to the changes in feedback activity. In the control
situation a combined hydrostatic and oncotic pressure in the
interstitium (P — ¶) of —2.9 mm Hg was found and this
combined pressure increased to +0.9 mm Hg at nephrectomy.
This change is of the same magnitude as was observed in
animals studied before and after 5% volume expansion [18].
Thus, the interstitial space pressure is altered by nephrectomy
in a way similar to that occurring in saline volume expansion.
Such a change would be expected both to lead to a reduction in
proximal tubular fluid absorption and to reset the sensitivity of
the tubuloglomerular feedback control to a low level [20], These
alterations would then allow a larger fluid load to pass the distal
nephron without activating the feedback.
That the renal prostaglandins might be involved in the
impulse transmission of reduced renal mass is also supported by
the fact that inhibition of prostaglandin synthesis blocked the
adaptive response to nephrectomy, as found in this study and
also by other investigators [5]. An interesting observation in
previous experiments was that indomethacin blocked not only
the increase in urine flow and urine sodium excretion rate but
also the resetting of the tubuloglomerular feedback sensitivity,
thereby preventing the expected increase in GFR in transplant-
ed rat kidneys [4, 11]. After indomethacin treatment the remain-
ing kidney still responded with increased potassium excretion
on nephrectomy. The same phenomenon was observed by
Dirks and Wong [5]. The explanation for this might be that the
adaptation of potassium excretion is not mediated by the same
mechanism as water and sodium excretion, or that the potassi-
um adaptation mechanism is more sensitive and responds to the
remaining prostaglandin synthesis during indomethacin treat-
ment. However, following treatment with diclofenac sodium,
increase in potassium excretion was not noted at nephrectomy;
therefore, the effect might depend on the inhibitor itself.
Diezi, Michoud-Hausel, and Nicolas-Buxcel [7] found no
evidence that physical factors mediate the adaptive process
following nephrectomy. However, these authors did not mea-
sure the interstitial space pressure directly but determined the
capillary protein concentration and the tubular/capillary gradi-
ent of hydrostatic pressure. These factors did not change. One
possible explanation for the discrepancy between their results
and those of the present investigation might be that the capillary
permeability characteristics were altered, giving a reduced
osmotic efficiency for protein.
From the presented results we propose that the following
sequence of events occurs following unilateral nephrectomy:
The removal of one kidney in one way or another increases
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prostaglandin activity in the remaining kidney. Increased pros-
taglandin production could either raise the peritubular capillary
pressure, by vasodilatation or decrease the oncotic reflection
coefficients for proteins in the remaining kidney, resulting in
elevated hydrostatic pressure and lowered oncotic pressure.
Such interstitial pressure changes could explain the reduction in
proximal tubular fluid absorption and resetting of the feedback
sensitivity to a lower level, allowing a larger load to pass the
macula densa segment without reducing GFR.
Reprint requests to Dr. A. E. G. Persson, Department of Physiology
and Biophysics, Biomedical Center, Box 572, University of Uppsala,
Uppsala, Sweden
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